We study the possible charmonium-like states with J P C = 0 −− , 0 −+ using the tetraquark interpolating currents with the QCD sum rules approach. The extracted masses are around 4.5 GeV for the 0 −− charmonium-like state and 4.6 GeV for the 0 −+ charmonium-like state while their bottomonium-like analogues lie around 10.6 GeV. We also discuss the possible decay, production, and experimental search of the 0 −− charmonium-like state.
. For experimental reviews, one can consult Refs. [12] [13] [14] [15] .
The discovery of these new states have enriched the charmonium spectroscopy greatly. It is very difficult to accommodate all these states in the conventional quark model. In order to study their underlying structure, many interpretations were proposed such as the hybrid mesons, the molecular or tetraquark states, baryonium states and so on. For example, X(3872) was speculated to be a hybrid charmonium state in Ref. [16] , a DD * molecular state in Ref. [17] and a cqcq tetraquark state in Ref. [18] . Z + (4430) was assigned as a D * D 1 molecular state in Ref. [19] and a cscs tetraquark state in Ref. [20] . Y (4260) was proposed as a hybrid charmonium state in Ref. [21] and a cqcq tetraquark state in Ref. [22] . Y (4140) was proposed as a D * sD * s molecular state in Ref. [23] . However, one should be very cautious that the conventional charmonium spectrum may be distorted if one considers either the coupled-channel effect or the screened linear confinement force [24] . More charmonium states can be accommodated below 5 GeV within this picture [24] .
The possible ccqq states with various quantum numbers including J P C = 0 −− were investigated extensively in Ref. [25] in the early 1980s. The author discussed the spectroscopy, decay and production of the ccqq systems with the angular momentum L ≥ 1 by taking account of the color magnetic and electric forces. In the conventional quark model, states with J P C = 0 −− are exotic states. They cannot be composed of a pair of quark and antiquark. In Ref. [26] , we noticed that the light tetraquark currents with J P C = 0 −− do not support a low-lying resonant signal below 2 GeV. Since increasing the quark mass reduces the kinetic energy and thus may help stabilize the system, we will study whether the ccqq states with J P C = 0 −− exist in this paper. The paper is organized as follows. We construct the tetraquark currents with J P C = 0 −− , 0 −+ using the diquark and antidiquark fields in Sec. II and derive the spectral densities in Sec. III which are collected in the Appendix. We perform the numerical analysis and extract the masses in Sec. IV and discuss the possible decay, production, and experimental search of the 0 −− charmonium-like states in the last section.
II. TETRAQUARK INTERPOLATING CURRENTS
We have constructed the light tetraquark interpolating currents with J P C = 0 −− using the diquark-antidiquark fields in the previous work [26] . In this work we follow the same steps. We first construct ten color singlet pseudoscalar operators considering both the Lorentz and color structures: S 6 , P 6 , V 6 , A 6 , T 6 , S 3 , P 3 , V 3 , A 3 , T 3 . The subscripts 6 and 3 indicate that the color structures of the tetraquark are 6 ⊗6 and3 ⊗ 3 respectively. Details can be found in Ref. [26] . With the charge-conjugation transformation we get
Using the above charge-conjugation relations, we can obtain the currents with definite C parity:
1. For the quantum number J P C = 0 −− :
2. For the quantum number J P C = 0 −+ :
It is understood that Eqs. (2)- (3) should contain (ucūc + dcdc) in order to have definite isospin and G-parity. Because of the SU(2) flavor symmetry, we do not differentiate the up and down quarks in our analysis and denote them by q.
III. QCD SUM RULE
QCD sum rule is a powerful approach to study the hadron properties in the past several decades [27] [28] [29] . We consider the two-point correlation function:
where η is an interpolating current. At the hadron level, the correlation function Π(q 2 ) is expressed via the dispersion relation:
The spectral function reads:
where the usual pole plus continuum parametrization of the hadronic spectral density is adopted. f X is the overlapping parameter of the current to the pseudoscalar state X: 0|η|X = f X . At the quark-gluon level, the spectral density can be evaluated up to dimension eight with the same method in Refs. [18, 20, 30, 31] . Omitting the light quark mass, we use the coordinate-space expression for the light quark propagator and momentum-space expression for the charm quark propagator:
ǫγ , a and b are the color indices. The momentum-space propagator with three soft gluon lines can be found in Ref. [28] . For the light quark propagator, we use the D dimension coordinate-space expression. The dimensional regularization is used throughout our calculation. The Π(q 2 ) in the operator product expansion(OPE) side can be written as:
Performing Borel transformation for the correlation function, we arrive at:
where s 0 is the threshold parameter. The mass M X reads:
For all the tetraquark currents in Eqs. (2) and (3), we collect the ρ OP E (s) in the Appendix. Both the quark condensateand quark gluon mixed condensate qg s σ · Gq vanish in the chiral limit m q = 0. One may wonder whether the quark condensates proportional to the charm quark mass: m cand m c qg s σ · Gq exist. They are usually very important corrections in the scalar, vector and axial-vector channels [18, 31, 34, 35] . However, these terms also vanish in the pseudoscalar channel. The diagrams in Fig.1 vanish due to the special Lorenz structures of the currents. The four quark condensate2 is negative and the most important condensate correction numerically. Its absolute value is much bigger than the gluon condensate g 2 G 2 and the dimension 8 condensate qgσ · G. Technically, we require that the four quark condensate be less than one third of the perturbative term to ensure the convergence of OPE, which results at the lower bound of the Borel working window, M 2 min ∼ 2.4 GeV. The pole contribution (PC) is defined as 2 , which are also listed in Table I . Only the errors which arise from the uncertainty of the threshold values and variation of the Borel parameter are taken into account. Other possible error sources include the truncation of the OPE series and the uncertainty of the condensate values etc. The last column is the pole contribution. From the variation of the mass with s 0 , there is a plateau in the region of s 0 = 9∼13GeV 2 for η 2 , η 4 , η 6 , η 9 , η 10 as can be seen in Fig. 2 . This plateau looks like a resonance signal. However, it's just an unphysical artifact because both the numerator and denominator in Eq.(10) are negative within this region. The variation of M X with the Borel parameter is weak.
For η 1 , η 3 , η 5 , η 7 , η 8 , the extracted mass M X grows monotonically with the threshold value. Also the variation of M X with the Borel parameter is significant. So we do not present the numerical values in Table I for these currents. These currents may couple to the 0 −− , 0 −+ states very weakly. The continuum contribution may be quite large. These two factors may lead to the above unstable mass sum rules. Replacing m c with m b and repeating the same analysis procedures done above, we collect the results of the bottomonium-like systems in Table II . 
V. SUMMARY
We have constructed the charmonium-like tetraquark interpolating currents with J P C = 0 −− , 0 −+ using the diquark-antidiquark fields. Then we calculated the correlation functions and the spectral densities of these currents. Both the dimension 3 quark condensate and dimension 5 quark gluon mixed condensate vanish if we take m u,d = 0. The special Lorenz structures of the currents prohibit their appearance in the OPE. The four quark condensate2 becomes the most important power correction numerically. It is much bigger than the gluon condensates g 2 GG , g 3 f GGG and the dimension 8 condensate qgσ · G.
In the working region of the Borel parameter, the variation of the extracted mass with s 0 and M B is stable for the currents η 2 , η 4 , η 6 , η 9 , η 10 . For the 0 −− charmonium-like states, its mass is around 4.5 GeV. For the 0 −+ charmoniumlike state, the mass is around 4.6 GeV. For the 0 −− and 0 −+ bottomonium-like states, their masses are around 10.6 GeV. It's interesting to note that the extracted mass value ∼ 4.5 GeV of the 0 −− charmonium-like state is quite close to the mass value 4.1 ∼ 4.4 GeV in Ref. [25] .
The possible decay modes of the 0 −− charmonium-like state are straightforward after making Fierz transformation to the diquark type interpolating currents in Eq. 2. They can be expressed in terms of the linear combination of the meson-meson type of operators such as:
. There are two types of the 0 −− charmonium-like state with different isospin and G-parity: I G = 1 + and I G = 0 − . Considering the conservation of the isospin, G-parity and C parity, we collect the S-wave and P-wave decay modes of the possible 0 −− charmonium-like state in Table III . Clearly the S-wave decay modes are dominant. The S-wave decay products always contain a P-wave and S-wave meson pair. Such a decay pattern is also characteristic of the hybrid meson. Although the exotic 0 −− state can not be composed of a cc pair, it can be a cGc hybrid state. In fact, the 0 −− charmonium-like tetraquark operator and the 0 −− cGc hybrid operator probably couple to the same 0 −− physical state. This interesting 0 −− state may be searched for experimentally at facilities such as Super-B factories, PANDE, LHC and RHIC in the future. Especially at RHIC, plenty of charm, anti-charm and light quarks are produced simultaneously which may be helpful to the formation of the 0 −− charmonium-like state. In this appendix we show the spectral densities of the tetraquark interpolating currents defined in Eqs. (2)- (3). The same subscripts are used to denote the results for the currents η 1 , η 2 , η 3 , η 4 , η 5 , η 6 , η 7 , η 8 , η 9 , η 10 :
For the expressions below, the integration limits are:
1. The spectral densities of the interpolating currents with the quantum numbers J P C = 0 −− :
For η 1 :
For η 2 :
For η 3 :
For η 4 : .
